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 Abstract— We have investigated the threshold current Ith and differential quantum efficiency as the function of 
temperature in InGaAlAs/InP multiple quantum well (MQWs) buried heterostructure (BH) lasers. We find that the 
temperature sensitivity of Ith is due to non-radiative recombination which accounts for up to ~80% of Jth at room 
temperature. Analysis of spontaneous emission emitted from the devices show that the dominant non-radiative 
recombination process is consistent with Auger recombination. We further show that the above threshold differential 
internal quantum efficiency, iη , is ~80% at 20°C remaining stable up to 80°C . In contrast, the internal optical loss, iα , 
increases from 15 cm-1 at 20°C to 22 cm-1 at 80°C, consistent with inter-valence band absorption (IVBA). This suggests 
that the decrease in power output at elevated temperatures is associated with both Auger recombination and IVBA. 
 
INTRODUCTION 
NCOOLED InGaAlAs based multiple quantum well buried 
heterostructure (BH) lasers show great promise for low 
power-consumption operation data communication links 
[1]. Recently 1.3 µm InGaAlAs BH lasers have shown good 
temperature characteristics for uncooled operations [2]. There 
are, however, relatively few reports on 1.55 µm InGaAlAs BH 
lasers [3-6]. Semiconductor lasers emitting at 1.55 µm are the 
most desired light sources for high speed optical transmission 
due to the lowest loss window region of silica-based fiber 
optics occurring around this wavelength [7]. 
Conventional InGaAsP/InP based QW lasers are inefficient as 
at these wavelengths their characteristics have relatively high 
temperature sensitivity. Therefore such lasers require the use of 
expensive cooling devices to stabilise the laser operation 
temperature [4]. Due to the larger potential conduction band 
offset ratio of the InGaAlAs/InP material system of around 
gc EE Δ=Δ 7.0 compared to gc EE Δ=Δ 4.0  for the 
InGaAsP/InP heterostructures, the former material system has 
stronger electron confinement, reduced Auger recombination 
and reduced threshold current [1-5]. Hence InGaAlAs lasers 
have better temperature characteristics at wavelengths between 
1.3µm and 1.55µm. However, a concern with processing of the 
Al-containing layers has limited progress in the development 
of BH lasers based upon this material system.  
 
II. THEORY 
The current I flowing through a semiconductor laser can be 
simply written as  
leakICnBnAneVI +++= )(
32  (1) 
where e is the electron charge, V is the volume of the active 
region, and n is the carrier density (assuming that the electron 
and hole densities are equal). The An term corresponds to the 
current associated with carrier recombination at defects and 
impurities in the material. In high quality devices it can be 
assumed negligible [8]. The Bn2 term corresponds to 
spontaneous emission in which an electron and a hole 
recombine to give out a photon, hence forming the radiative 
current Irad. The Cn3 term corresponds to non-radiative Auger 
recombination whereby a third carrier is excited higher into its 
respective band, the carrier subsequently relaxes through 
phonon emission and is therefore a non-radiative process 
resulting in heat. Ileak describes the current due to leakage of 
carriers from the quantum wells and subsequently recombine 
radiatively or non-radiatively. Carrier leakage depends on the 
thermal spread of the carriers at the operation temperature and 
the height of the potential barrier.  
As first proposed in [9], we can approximate equation (1) as I 
∝ nz where z depends on the dominant recombination process. 
If the current is dominated by radiative recombination then z=2 
while if Auger recombination is dominant then z=3. 
Intermediate values of z can indicate the influence of more 
than one process. Since the integrated spontaneous emission 
rate, L, is directly proportional to the radiative current Irad, one 
may write that L ∝ Irad ∝ n2 and hence write
ZLI )( 2/1∝ . The 
z-value can then be obtained from the gradient of a graph of 
ln(I) versus ln(L1/2), evaluated using the following expression: 
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In this analysis we assume that the recombination coefficient B 
is independent of n. The method used agrees with theoretical 
calculations over the temperature range covered in this 
investigation [10]. The temperature sensitivity of the threshold 
current of the semiconductor laser may be described as  
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From equation (3) we can deduce that a high To(Ith)  indicates 
low temperature sensitivity and vice versa. In an ideal laser, 
the radiative current at lasing threshold saturates due to the 
pinning of the carrier density caused by stimulated emission 
[10]. In an ideal QW, at threshold, the radiative recombination 
coefficient is inversely proportional to temperature (B∝T-1) and 
the carrier density, nth ∝ T [11].  
From the equation (3) we can deduce T0 parameter for the 
radiative component of the threshold current, To(Irad), to be  
TIT rad =)(0    (4).  
For the Auger current, the temperature sensitivity To(Inon-rad) , 
assuming that the Auger coefficient, C, is independent of 
temperature,  the temperature sensitivity for the Auger 
recombination process can be approximated as  
3
)(0
TIT Auger = .                          (5) 
We note that these are effectively upper limits on T0(Irad) and 
T0(Inon-rad). 
III. EXPERIMENT 
The samples used were InGaAlAs multiple quantum well 
buried heterostructures lasers grown on InP substrates using 
MOVPE technology. These were then fabricated into BH 
lasers and used a reverse biased p-n current blocking layer to 
minimize current leakage. The BH is the most common lateral 
wave-guiding structure exhibiting a strong index step and 
current confinement which results in a low threshold current 
for lasers [12]. The samples used were 1.55 µm lasers 
consisting of 9 compressively strained (1.6%) InGaAlAs 
quantum wells contained within unstrained InGaAlAs barriers 
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 and separate confinement layers grown on an n-doped InP 
substrate. 
The lasers were cleaved into cavity lengths ranging from 
350µm to 1000µm. The BH mesa width was measured to be 
1.57 µm. The devices were measured as-cleaved. CW current 
was used for measurements from 80K to 240K and pulsed 
current (500ns pulse width at 10 kHz repetition rate) was used 
from 260K to 370K to avoid self heating effects. 
Pure spontaneous emission measurements were carried out by 
collecting light from a window created in the laser substrate 
contact using an ion-beam milling technique. The windows 
were approximately 200 µm by 50 µm in size. The lasers 
threshold currents were measured before and after milling to 
ensure that the milling has not damaged the devices or 
introduced changes in the active region. A multimode optical 
fiber was used to collect the light. This fiber was connected to 
an Optical Spectrum Analyser (OSA). The temperature was 
controlled using a gas-exchange cryostat from 80K up to 
370K.  
IV: RESULTS AND DISCUSSION 
Pinning effect, Radiative and Non-radiative current 
Fig. 1 shows integrated spontaneous emission L as a function 
of current. Fig. 1 demonstrates the devices excellent pinning 
behaviour of the spontaneous emission above laser threshold. 
This indicates that the carrier density is well pinned in the 
structure, and suggests that the lateral current blocking 
structure in the BH is effective.  
  
0 10 20 30 40 50 60
0
40
80
120
160
0 1 2
0
20
40
60
 
 
120K
100K
80K
L 
(a
.u
.)
Current (mA)
240K
300K
330K
350K
 
Fig. 1: The pinning effect of the carrier density at lasing 
threshold current. 
 
Fig. 3 shows the temperature dependence of the threshold 
current (squares) and its radiative component (circles). The 
radiative component, Irad, is determined from the pinning level 
of the spontaneous emission (since L∝Irad and where we 
assume that Ith=Irad at low temperature). 
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Fig. 3: Temperature dependence of the lasing threshold current 
and its radiative component Irad for InGaAlAs MQWs BH 
lasers.  
 
It can be observed that at 300K, Irad forms approximately 20% 
of the threshold current and is much less temperature sensitive 
than the threshold current. This represents a maximum estimate 
for Irad assuming that the defect related recombination and 
carrier leakage are negligible in our devices at low 
temperature. This assumption is supported by the results from 
z-analysis (shown later in this paper).j Around RT, the T0 for 
the threshold current of these devices is ~70K. Whilst this is 
better than typical InGaAsP lasers (~50K) [11], we note that it 
is still much lower than the To of the radiative component of 
the threshold current, for which To(Irad)=335K over the same 
temperature range. This suggests that the temperature 
dependence of the gain is relatively stable and that the overall 
temperature sensitivity of the threshold current must be due to 
a non-radiative process.  
 
B.  Z-Analysis 
To further understand the nature of the non-radiative 
recombination process we employed z-analysis method to 
determine the carrier density dependence of Ith as described in 
section II. By analyzing the slope of a graph of ln(I) versus 
ln(L1/2) just below threshold current. In Fig. 4 we plot z-values 
obtained at different temperatures. 
It can be observed from Fig. 4, that z-value is ~2 from 80K to 
140K, indicating that the current is dominated by radiative 
recombination (∝ n2). From 150K to 350K, the measured z-
value increases with increasing temperature stabilizing around 
~3 at RT. This indicates that the dominant non-radiative 
recombination process is Auger recombination (∝ n3) which 
becomes dominant above 250K. It is known that in longer 
wavelength lasers Auger recombination process becomes much 
more significant because its rate increases strongly as the band 
gap decreases [13]. 
We note that a z-value of 3 could also be a signature of 
leakage, since the leakage current has an approximately 
exponential dependence on n which can effectively give rise to 
any value of n, since the exponential can be expanded as a 
power series in n. 
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Fig.  4. Variation of z –value with temperature from 80K to 
350K for 1.55µm InGaAlAs BH lasers 
 
However, the fact that z stabilizes around 3 suggests that this is 
not the case, and that Auger recombination is, in fact, 
dominant.  
 
 C.  Differential Quantum Efficiency 
 
The variation in the differential quantum (slope) efficiency 
with temperature can also lead to a strong dependence of the 
laser output power on temperature and can be influenced by a 
number of factors. The same samples were used to investigate 
the external differential quantum efficiency dη  as a function of 
temperature. The differential quantum efficiency is obtained 
from the slope above threshold of the graph of optical output 
power from the laser facet, Pout, versus current, I, as  
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where νh  is the photon energy of the laser light. In Fig. 5 we 
show the variation of the differential quantum efficiency with 
temperature for these devices (quantified via the T1 parameter, 
as defined in the inset). The measurements show that the 
devices exhibit a sharp drop in dη at temperatures above 260K 
as shown in Fig. 5. From Fig. 3, we note that the non-radiative 
process becomes important from around 150K so the sharp 
drop in dη above 260K is likely to have a different underlying 
cause.  Since we know that the carrier density pinning is well 
behaved with temperature, this suggests that this is due to 
either an increase in internal loss with increasing temperature 
or a decrease in the internal differential quantum efficiency, iη
, with increasing temperature.  
To identify the key factors responsible for the strong 
temperature sensitivity of dη , we undertook a study of the 
cavity length dependence of the slope efficiency. Since only a 
fraction of the stimulated emission is reflected by the mirrors 
(assuming mirrors have constant power reflectivity, R, and are 
confined within the laser), dη , will be less than  iη  [14]. 
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5: Slope efficiency vs temperature for InGaAlAs BH lasers  
 
dη  can be related to laser cavity length Lcav, and iη by [15]: 
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where iα is the internal optical loss. The internal optical loss is 
mainly due to scattering losses, free carrier absorption and 
inter valence band absorption (IVBA) which affects the 
differential quantum efficiency [10, 12]. Assuming R=0.3 and 
using the plot of 
dη
1  versus cavity length Lcav we can obtain 
values for internal differential quantum efficiency, iη , and 
internal optical loss, iα [16]. This method assumes that 
internal differential quantum efficiency iη , and internal optical 
loss, iα , does not depend on the cavity length of the lasers and 
carrier density pins above threshold, as we verified in Fig. 1. 
The internal differential quantum efficiency, iη , can be defined 
as the ratio of stimulated photons produced to carriers injected. 
The value of iη is consistent with previous work on InGaAlAs 
devices [8] and better than typical values for InGaAsP BH 
lasers [16]. By repeating this analysis over a wide temperature 
range we determine the variation of the internal differential 
efficiency iη (T) and internal loss iα (T). 
The internal differential quantum efficiency is found to be 
almost constant (within uncertainty) over this temperature 
range and hence cannot be responsible for the decrease in slope 
efficiency with increasing temperature. This also provides 
further evidence that a thermally activated carrier leakage 
mechanism is not the cause of the temperature sensitivity of 
the threshold current [13]. 
 In contrast, the internal optical loss exhibits a superlinear 
increase above RT as shown in Fig. 6 (b). This has previously 
been observed for InGaAsP lasers. The increase in internal 
optical loss with temperature is most likely attributed to Inter-
Valence-Band-Absorption (IVBA) [11]. The effect of 
increasing internal loss on external differential efficiency can 
be seen in Fig. 5 where a sharp drop in efficiency is observed 
between 260K and 350K. We note that the increase in internal 
loss with increasing temperature will lead to an increase in nth 
with temperature and a stronger increase in the Auger current 
at threshold (∝ nth3) further decreasing To, as previous reported 
for 1.55µm InGaAsP lasers [18]. 
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  Fig. 6: (a) Internal differential quantum efficiency and (b) 
internal optical loss as a function of temperature for 1.55µm 
InGaAlAs BH lasers  
 
V: CONCLUSION 
 
We have analysed temperature dependence of the threshold 
current and slope efficiency of 1.55µm InGaAlAs/InP BH 
lasers in terms of radiative and non-radiative currents, internal 
 differential quantum efficiency and internal optical losses. We 
find that the carrier density is effectively pinned in the lasers, 
suggesting that the BH blocking is effective. The investigation 
also confirms the presence of Auger recombination which 
dominates under ambient conditions. Above room temperature, 
the internal optical losses showed a superlinear dependence on 
temperature causing a strong decrease in the slope efficiency. 
Since internal optical losses are coupled to Auger 
recombination process, special emphasis in laser design should 
be placed on reducing internal optical losses to minimize the 
threshold current and to improve the temperature stability of 
the devices, allowing for uncooled operation.  
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